1. Introduction {#sec1-ijms-21-00978}
===============

There is a growing interest in the role that visceral adipose tissue plays in the pathophysiology of cardiovascular disease. Epicardial adipose tissue (EAT) in particular has been the target of intensive investigation because of its proximity to the coronary arteries and myocardium and its potential influence on the development of cardiovascular disease (CVD) in the general population as well as high-risk populations \[[@B1-ijms-21-00978]\]. EAT is a rich source of free fatty acids and is capable of secreting proinflammatory and proatherogenic cytokines as well as antiatherogenic adipocytokines. Several investigators put forth the hypothesis that EAT may be capable of promoting atherosclerosis of the epicardial coronary arteries through local paracrine effects \[[@B2-ijms-21-00978]\].

EAT can be quantified by transthoracic echocardiography, cardiac computer tomography (CCT) and cardiac magnetic resonance, although CCT is more accurate and reproducible than other methods \[[@B3-ijms-21-00978],[@B4-ijms-21-00978],[@B5-ijms-21-00978]\]. In early publications, EAT volume was reported to be associated with the presence and severity of coronary artery calcium (CAC), a marker of atherosclerosis. In subsequent studies, a close association with indices of plaque instability, as detected by CCT angiography, was also reported \[[@B6-ijms-21-00978],[@B7-ijms-21-00978]\]. Recent publications have shown a correlation of EAT with coronary artery disease (CAD) and adverse cardiovascular events in the general population \[[@B8-ijms-21-00978],[@B9-ijms-21-00978]\] and patients with chronic kidney disease (CKD) \[[@B10-ijms-21-00978],[@B11-ijms-21-00978]\] independently of other risk factors.

This review explores the potential role of two adipocytokines produced by EAT, adiponectin and leptin, as modulators of CVD in patients affected by chronic kidney disease (CKD).

2. Cardiovascular Risk in Chronic Kidney Disease {#sec2-ijms-21-00978}
================================================

Numerous studies have shown that a reduction in estimated glomerular filtration rate (GFR) is associated with increased frequency and severity of CVD \[[@B12-ijms-21-00978]\]. Data from a meta-analysis that included 1.4 million patients revealed that, after adjusting for traditional cardiovascular risk factors and albuminuria, CV disease morbidity and mortality increased linearly with a drop in GFR \<60 mL/min/1.73 m^2^ \[[@B13-ijms-21-00978]\]. In a Canadian cohort study, after adjusting for age and sex, CVD accounted for 27.5% of deaths in individuals with normal renal function versus 58% in those with CKD \[[@B14-ijms-21-00978]\]. In young adults, as CKD progresses from stage 2 to 5, life expectancy is shortened by 1.3, 7.0, 12.5 and 16.7 y as a result of increasing rates of CVD. Additionally, kidney transplant does not completely correct this loss of life years \[[@B14-ijms-21-00978]\].

The two most frequent clinical features of CVD in patients with CKD are CAD and left ventricular hypertrophy and dysfunction \[[@B15-ijms-21-00978]\]. A combination of traditional risk factors and other factors more closely related to progressive loss of renal function contribute to the high incidence of cardiovascular complications observed in these patients \[[@B16-ijms-21-00978],[@B17-ijms-21-00978]\]. In this context, the identification of patients at risk of cardiovascular events represents a real challenge. Therefore, there is a growing interest in the development of diagnostic approaches that may help risk-stratify patients with CKD, in the hope to improve outcomes by focusing on more aggressive treatments in those at higher risk.

3. Epicardial Adipose Tissue {#sec3-ijms-21-00978}
============================

EAT is composed of visceral fat located below the visceral pericardium and in direct contact with the coronary arteries ([Figure 1](#ijms-21-00978-f001){ref-type="fig"}) \[[@B18-ijms-21-00978]\]. In the embryonic stage, EAT develops from brown adipose tissue \[[@B19-ijms-21-00978]\]. Pericardial fat instead lies on the outer surface of the parietal pericardium. Although they are in each other's vicinity, these two fat deposits are very different. EAT is vascularized by branches of the coronary arteries, while pericardial fat is vascularized by noncoronary arteries. EAT originates in the splanchnopleural mesoderm, while pericardial adipose tissue derives from the primitive thoracic mesenchyme \[[@B20-ijms-21-00978]\]. Of importance, there is no layer or fascia that separates EAT from the underlying myocardium and coronary arteries; this potentially allows a direct diffusion of the adipose tissue contents to the coronary arteries and myocardium. Small amounts of epicardial fat can also be found amidst myocardial fibers generally along the intramyocardial branches of the coronary arteries \[[@B21-ijms-21-00978]\]. The functional role of EAT is complex and incompletely understood, although it probably has multiple functions such as mechanical, metabolic, thermogenic and endocrine/paracrine functions \[[@B19-ijms-21-00978]\].

EAT typically accompanies the main branches of the coronary arteries in the atrioventricular or interventricular groves. It is compressible and elastic and provides mechanical protection of the coronary arteries against excessive deformation during the cardiac cycle \[[@B21-ijms-21-00978]\]. EAT is not simply a passive storage for lipids, but it is actively involved in lipid homeostasis and energy production. In fact, it has a higher rate of free fatty acid (FFA) release and absorption compared to subcutaneous fat deposits and other visceral fat deposits \[[@B18-ijms-21-00978]\]. Since myocardial metabolism is heavily dependent on FFA oxidation, EAT helps to support myocardial energy needs, especially during periods of high demand \[[@B22-ijms-21-00978]\]. Brown adipose tissue contains mitochondria with large amounts of uncoupling protein-1 (UCP1) that is needed to generate heat in response to exposure to cold. Sacks et al. found that expression of UCP1 and its related genes are higher in EAT than in other fat deposits in the body, such as the abdomen, thighs and subcutaneous tissue \[[@B23-ijms-21-00978]\]. These data suggest that one of the functions of EAT may be to produce heat to protect the myocardium and coronary arteries from hypothermia \[[@B24-ijms-21-00978]\].

Human investigations have shown that EAT can secrete multiple cytokines involved in the regulation of endothelial function, coagulation and inflammation locally and systemically **(**[Table 1](#ijms-21-00978-t001){ref-type="table"}) \[[@B25-ijms-21-00978]\]. Several bioactive molecules secreted by EAT can either protect or negatively affect the health of the myocardium and coronary arteries ([Figure 2](#ijms-21-00978-f002){ref-type="fig"}). Under normal physiological conditions, EAT secretes cytokines with anti-inflammatory and antiatherosclerotic functions such as adiponectin \[[@B26-ijms-21-00978]\]. A product of adipocytes, adiponectin has been described as having antidiabetic, antiatherogenic, antioxidant and anti-inflammatory properties \[[@B27-ijms-21-00978]\]. Adiponectin increases the oxidation of fatty acids via a protein kinase pathway and reduces lipid deposition in the myocardium. Additionally, adiponectin inhibits the production of mediators of inflammation and maintains an anti-inflammatory microenvironment in the cardiovascular system \[[@B28-ijms-21-00978]\]. In pathological conditions, the production of adiponectin by EAT decreases while the secretion of proinflammatory or proatherogenic factors (such as leptin) increases \[[@B29-ijms-21-00978]\]. Among the proatherogenic effects attributed to leptin are induction of hypertension, oxidative stress, endothelial dysfunction, inflammation and proliferation of vascular smooth muscle cells \[[@B30-ijms-21-00978],[@B31-ijms-21-00978]\].

4. Epicardial Adipose Tissue in Renal Disease {#sec4-ijms-21-00978}
=============================================

Although EAT has emerged as a risk marker for CAD and has been extensively investigated in the general population, studies in patients with CKD are still limited. In early publications in the general population, EAT volume was reported to be associated with the presence and severity of CAC, a marker of atherosclerosis \[[@B32-ijms-21-00978]\]. In subsequent studies, a close association with indices of plaque instability, as detected by CCT angiography, was also reported \[[@B6-ijms-21-00978],[@B7-ijms-21-00978]\]. Similar findings have been reported more recently in patients with CKD \[[@B33-ijms-21-00978],[@B34-ijms-21-00978]\]. In a study performed in patients with end-stage kidney disease (ESKD) awaiting transplant, the investigators showed an independent association of CAC and EAT with inducible myocardial perfusion defects on nuclear cardiac stress testing \[[@B35-ijms-21-00978]\]. While both EAT and CAC were predictors of an abnormal perfusion scan, none of the traditional cardiovascular risk factors were.

Additional studies showed a larger accumulation of EAT in patients receiving peritoneal dialysis or hemodialysis than that in controls, and an increased EAT volume in the presence of the malnutrition, inflammation, and arteriosclerosis (MIA) syndrome \[[@B10-ijms-21-00978]\]. Two studies to date reported on the association of EAT with adverse outcomes in CKD. In the study by Cordeiro et al. \[[@B11-ijms-21-00978]\], after a median follow-up of 32 months, EAT was predictive of fatal and nonfatal cardiovascular events in 277 patients with CKD 3-5. Although the predictive power of EAT was independent of other measures of adiposity, it added a negligible predictive power to traditional cardiovascular risk factors. In a subanalysis of the RIND trial in 109 de novo hemodialysis patients, EAT was an independent predictor of all-cause mortality after a median follow-up of 4 y \[[@B36-ijms-21-00978]\]. Thus, it appears that EAT is a marker of risk in patients with CKD as well as the general population. These findings may not come as a complete surprise since patients with CKD are known to be in a state of chronic smoldering inflammation. Therefore, an inflamed visceral adipose tissue in direct contact with the heart and coronary arteries may be one of the overlooked links between CKD and the high cardiovascular morbidity and mortality observed in these patients.

5. Adipocytokines and Vascular Disease {#sec5-ijms-21-00978}
======================================

The interaction of adiponectin and leptin with the cardiovascular system is complex and at times seemingly conflictual. Several studies showed that adiponectin expression is significantly lower in patients with CAD and metabolic syndrome \[[@B37-ijms-21-00978]\], and low adiponectin levels are currently considered a risk factor for CAD \[[@B38-ijms-21-00978]\]. Adiponectin rapidly accumulates in the subendothelial space of an injured human artery. In this location, adiponectin may reduce the expression of adhesion molecules by endothelial cells in response to inflammatory stimuli, suppress cytokines production by macrophages as well as decrease lipid accumulation in monocyte-derived macrophages \[[@B39-ijms-21-00978],[@B40-ijms-21-00978]\].

Leptin is expressed in the periconorary adipose tissue in high concentration, and some data suggest that regional secretion of leptin and other adipocytokines may reduce myocardial contractility. This could constitute another possible link between epicardial adipocytokines and cardiac dysfunction \[[@B41-ijms-21-00978]\]. The expression and secretion of leptin by adipocytes and cardiomyocytes is induced by IL-6 and inhibited by TNF-a. At the same time, adiponectin limits the ability of TNF-a to induce expression of adhesion molecules. Hence, the adiponectin/leptin ratio has been suggested as a marker of dysfunctional adipose tissue and related to cardiometabolic risk factors \[[@B42-ijms-21-00978]\].

6. Adiponectin in Renal Disease {#sec6-ijms-21-00978}
===============================

Evidence is accumulating that local and systemic inflammation is supported by the adipose tissue via paracrine and endocrine mechanisms \[[@B43-ijms-21-00978]\]. Adipocytokines secreted by the adipose tissue can have both pro- and antiatherogenic activities, and they can mediate the development of atherosclerosis by affecting endothelial function and promoting plaque destabilization \[[@B38-ijms-21-00978]\]. Adiponectin and leptin are the product of mature adipocytes \[[@B40-ijms-21-00978],[@B44-ijms-21-00978]\]. Adiponectin enhances insulin sensitivity \[[@B45-ijms-21-00978],[@B46-ijms-21-00978]\], and likely exerts antiatherosclerotic activities by suppressing the release of proinflammatory cytokines, such as TNF-α and IL-6, and stimulating the release of anti-inflammatory cytokines such as IL-10 \[[@B40-ijms-21-00978]\]. Low adiponectin levels have been observed in patients with obesity, metabolic syndrome, diabetes mellitus, hypertension and established CAD \[[@B47-ijms-21-00978]\]. In contrast, plasma levels of adiponectin in patients with CKD are increased up to three-fold compared to physiological levels, most likely because of reduced clearance and/or catabolism \[[@B48-ijms-21-00978]\].

Observational studies linked low adiponectin levels with CVD both in the general population \[[@B49-ijms-21-00978]\] and in CKD \[[@B50-ijms-21-00978]\]. Zoccali et al. reported that plasma adiponectin levels were 2.5 times higher (*p* \< 0.0001) among patients receiving hemodialysis (15.0 ± 7.7 µg/mL) than healthy controls (6.3 ± 2.0 µg/mL), but the adiponectin levels were significantly lower in the hemodialysis patients who developed cardiovascular complications than those who remained free of events \[[@B51-ijms-21-00978]\]. The increased risk of cardiovascular outcomes in CKD patients with lower adiponectin concentrations relative to other CKD patients was unchanged after adjusting for multiple traditional and CKD-specific risk factors. Each 1 µ/mL increase in adiponectin concentration was associated with a 3% reduction in risk of cardiovascular events. Similarly, Becker and co-workers evaluated 227 nondiabetic patients with mild to moderate CKD and 76 healthy subjects matched for age, sex and body mass index \[[@B52-ijms-21-00978]\]. After a mean follow-up of 54 months, they concluded that low plasma adiponectin levels were predictive of cardiovascular events.

In contrast, a subanalysis of the Modification of Diet in Renal Disease (MDRD) database performed in 820 patients with CKD showed a direct correlation between increased adiponectin plasma concentration and cardiovascular mortality \[[@B53-ijms-21-00978]\]. In multivariable adjusted Cox models, 1 µ/mL increase in adiponectin was associated with a 3% (hazard ratio 1.03; 95% CI 1.01 to 1.05; *p* = 0.02) increased risk of all-cause and 6% (hazard ratio 1.06; 95% CI 1.03 to 1.09; *p* \< 0.001) increased risk of cardiovascular mortality.

A potential explanation for these apparently conflicting data is the reported association between increased adiponectin concentrations and poor nutritional status in CKD. However, the existence of a link between higher adiponectin levels and increased cardiovascular risk in CKD remains to be clarified. In view of the bidirectional association of adiponectin with events, its role as a useful marker of cardiovascular risk in CKD remains uncertain, pending accumulation of further evidence \[[@B16-ijms-21-00978]\].

7. Leptin in Renal Disease {#sec7-ijms-21-00978}
==========================

Leptin is a single-chain 16 kDa protein encoded by the obese (*ob*) gene and mainly secreted by adipocytes, although it can also be produced by vascular smooth muscle cells and cardiomyocytes \[[@B54-ijms-21-00978]\]. Its fundamental function is control of the appetite stimulus, regulation of food intake and energy expenditure \[[@B55-ijms-21-00978]\]. Leptin is also a proinflammatory adipocytokine and is primarily cleared by a combination of glomerular filtration and tubular degradation \[[@B56-ijms-21-00978],[@B57-ijms-21-00978]\]. Its levels increase in parallel with insulin levels, glucocorticoids, other cytokines and in obesity \[[@B57-ijms-21-00978],[@B58-ijms-21-00978]\]. In healthy subjects and patients with diabetes mellitus, weight loss has been shown to be accompanied by a decrease in leptin serum concentration \[[@B58-ijms-21-00978],[@B59-ijms-21-00978]\]. These data suggest that high leptin concentrations are a component of metabolic syndrome and may have a role in increasing the cardiovascular risk in these patients. In patients with CKD, leptin levels are elevated, particularly in those with ESKD on dialysis \[[@B60-ijms-21-00978],[@B61-ijms-21-00978]\].

A number of factors affect the metabolism of leptin beyond reduced renal clearance. Among others, metabolic acidosis and uremic factors not better identified reduce the gene expression for leptin \[[@B62-ijms-21-00978]\].

Leptin has been associated with markers of vascular disease such as decreased arterial distensibility and increased carotid intima-media thickness \[[@B63-ijms-21-00978],[@B64-ijms-21-00978]\]. In a small cohort of kidney transplant recipients (*n* = 74), there was a positive association between elevated serum leptin levels and increased peripheral arterial stiffness \[[@B65-ijms-21-00978]\]. Aguilera et al. described an association between leptin levels and left ventricular hypertrophy in a small peritoneal dialysis cohort \[[@B66-ijms-21-00978]\]. More recently, Noor et al. showed that leptin and C-reactive protein levels increased significantly with progression of CKD \[[@B67-ijms-21-00978]\]. Kastarinen et al. reported that mean serum leptin levels were associated with atherogenic lipid profiles \[[@B68-ijms-21-00978]\].

Currently the data on the role of leptin as a promoter of atherosclerosis in CKD are limited and at times conflicting. Scholze et al. reported an association of leptin serum levels with cardiovascular events in 71 prevalent hemodialysis patients followed for 83 months \[[@B69-ijms-21-00978]\]. Event-free survivors had higher levels of baseline leptin than that of patients who suffered a lethal cardiovascular event (7.7 ± 7.8 microg/L vs 4.7 ± 9.4 microg/L; *p* = 0.003). In addition, patients with a leptin serum level below the median (\< 2.6 microg/L) had a shorter life expectancy than those with a serum level above the median. In two other studies, leptin was not a significant predictor of all-cause mortality and cardiovascular morbidity in hemodialysis patients \[[@B70-ijms-21-00978],[@B71-ijms-21-00978]\]. Hence, the value of leptin as a marker of risk remains unclear in CKD.

8. Therapeutic Approaches {#sec8-ijms-21-00978}
=========================

In patients from the general population, regression of EAT volume has been attained with changes in lifestyle and medical interventions. Nakazato et al. \[[@B72-ijms-21-00978]\] showed a 2% regression in EAT volume in 54 patients who lost 5% of their initial body weight in 4 y, compared to a 23% increase in 71 subjects who gained weight. Two groups of investigations reported that EAT volume decreased after intensive lipid-lowering therapy with statins \[[@B73-ijms-21-00978],[@B74-ijms-21-00978]\]. The latter may have occurred because of the known anti-inflammatory activity and inhibition of vasa-vasorum proliferation by statins, which are believed to directly contribute to the development of atherosclerosis \[[@B75-ijms-21-00978]\]. In patients with diabetes mellitus, the addition of an inhibitor of dipeptidyl peptidase-4 (DPP-4) to other baseline therapies produced a significant reduction in EAT volume during a 24 w follow-up \[[@B76-ijms-21-00978]\]. Similar benefits were obtained with pioglitazone in patients with the metabolic syndrome \[[@B77-ijms-21-00978]\]. In patients with CKD, the noncalcium-based phosphate binding agent sevelamer has been shown to reduce serum cholesterol and markers of inflammation \[[@B78-ijms-21-00978]\]. Additionally, sevelamer slowed the progression of CAC and EAT in hemodialysis patients \[[@B78-ijms-21-00978]\]. Whether weight loss and regular aerobic exercise may reduce the accumulation of visceral adipose tissue in patients with CKD remains to be addressed in prospective studies.

9. Conclusions {#sec9-ijms-21-00978}
==============

The extreme cardiovascular risk of patients with CKD is not entirely explained by traditional risk factors. While calcification of the cardiovascular system may be an important contributor to this increased risk, other cardiometabolic factors very likely add to the burden of disease. A strong association between EAT and cardiovascular disease has been established in patients with normal renal function. A similar link in patients with CKD is very likely, and although not yet fully proven, it is quickly unraveling. Adiponectin and leptin with their paracrine and endocrine effects are probably important actors in this scenario. Ongoing research may clarify whether EAT and the adipocytokines secreted by other visceral adipose tissue are active participants in the development of the frequent complications of CKD. Animal models could potentially be of help to elucidate some of the links between adipocytokines and cardiovascular disease. Unfortunately, experimental animals have little to no EAT and visceral tissue and the knowledge collected so far is limited ([Table 2](#ijms-21-00978-t002){ref-type="table"}).
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![Panel (**a**) the epicardial fat layered directly on the surface of the left ventricular myocardium without a fascia. A cross-section of a small coronary artery is seen embedded in the epicardial fat. Panel (**b**) the epicardial fat is layered on the surface of the free wall of the right ventricle, but numerous adipocytes are also infiltrated among the myocardial fibers (black arrow). Bar scale: 1 mm. Reproduced with permission from \[[@B19-ijms-21-00978]\].](ijms-21-00978-g001){#ijms-21-00978-f001}

![Proposed mechanisms through which adiponectin and leptin may cause cardiovascular damage.](ijms-21-00978-g002){#ijms-21-00978-f002}

ijms-21-00978-t001_Table 1

###### 

Proposed pathophysiological effects of adipocytokines produced in human visceral adipose tissue \[[@B25-ijms-21-00978]\].

  Adipokine     Metabolism in CKD   Cardiovascular Effects                                       
  ------------- ------------------- -------------------------------------------- --- --- --- --- ---
  Adiponectin   Yes                 Inflammation/CVD                             ⇩   ⇩   ⇩   ⇩   ⇩
  Leptin        Yes                 Inflammation/CVD                             ⇧   ⇩   ⇧   ⇧   ⇧
  Visfatin      Yes                 endothelial damage/lipid dysregulation/CVD   ⇧   ⇧   ⇩   ⇩   ⇧
  Apelin        Yes                 Inflammation/CVD                             ⇩   ⇩   U   U   ⇩
  Resistin      Yes                 endothelial damage/inflammation/CVD          ⇧   ⇧   ⇧   ⇧   ⇧
  Omentin       Yes                 endothelial damage/inflammation/CVD          ⇩   ⇩   U   U   ⇩

Arrows down: decreased. Arrows up: increased. CKD, chronic kidney disease; CVD, cardiovascular disease; LV, left ventricle; U, unknown.

ijms-21-00978-t002_Table 2

###### 

Animal experiments supporting the role of epicardial adipose tissue in atherosclerosis and inflammation.

  Publication                                   Experimental Animal         Outcome
  --------------------------------------------- --------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Marchington et al. \[[@B79-ijms-21-00978]\]   Guinea pigs                 Epicardial adipose tissue stores energy and protects the coronary circulation from elevated fatty acid levels
  Ishikawa et al. \[[@B80-ijms-21-00978]\]      Rabbits                     In cholesterol-fed animals, atherosclerosis does not develop in coronary artery segments embedded in myocardial bridges, but only in segments surrounded by epicardial adipose tissue
  Wang et al. \[[@B81-ijms-21-00978]\]          New Zealand white rabbits   A high-fat diet induces a phenotype conversion in the epicardial adipose tissue from brown to white adipose tissue with focal development of atherosclerosis and progressive increase of leptin mRNA and IL-6 expression.
  Bale et al. \[[@B82-ijms-21-00978]\]          Mice                        Mouse pericardial fat has the characteristics of visceral fat and is regulated by pregnancy-associated plasma protein-A (PAPP-A) that affects insulin sensitivity.
  Wu et al. \[[@B83-ijms-21-00978]\]            Mice                        The pericardial adipose tissue has a higher concentration of IL-10-producing B cells than other adipose tissues, and these cells have anti-inflammatory activity following myocardial infarction.
